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Abstract
Adekunle Vincent Adeniyi
STANDARDS-COMPATIBLE SMOKE POINTS FOR MONO- AND UNSUBSTITUTED CYCLOALKANE FUEL COMPONENTS
2021-2022
Francis M. Haas, Ph.D.
Master of Science in Mechanical Engineering

Emissions from the aviation industry have increased significantly over the decades
and may continue to pose an environmental threat. Accordingly, efforts are being made to
replace conventional aviation fuels with more sustainable alternatives that can both reduce
net CO2 emissions as well as reduce other pollutants (i.e., particulates). Conventional jet
fuels include aromatic species, which have high sooting tendency. Therefore, to reduce
particulate emissions, the fuel aromatics content must be reduced. Cycloalkanes have
potential for replacing aromatics content in jet fuel but, compared to other broad classes of
chemical species that make up conventional and alternative jet fuel, there is limited
information available on the ASTM D1322 standard smoke points of many cycloalkanes.
The smoke points of some unsubstituted, mono-alkyl substituted, and oxygenated
cycloalkanes were determined in this study. Smoke point values obtained for alkylated
cycloalkanes show that initial alkylation of cycloalkane ring increases sooting tendency,
but further increase in n-alkyl chain length appears not to have a significant effect on the
smoke points of alkylated cycloalkanes. Considering the effect of ring carbon number of
cycloalkanes, a non-monotonic trend is observed for smoke point of cycloalkanes. This
trend is different from the non-monotonic trend observed previously for derived cetane
number (DCN) of these fuels. This interesting behavior further confirms the thermochemical “uniqueness” of cycloalkane fuels and should be investigated further.
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Chapter 1
Introduction
1.1 Motivation and Background
The aviation industry supports one of the fastest-growing modes of transportation
worldwide [1]. Consequently, carbon emissions in the aviation industry have increased
significantly over the last twenty years, reaching about 2.8% of the total carbon emissions
from fossil fuel globally and increasing about 2% per year between year 2000 and 2019
inclusive [2]. The emissions from jet engines is comprised of roughly 70% carbon dioxide,
and 30% water vapor, with approximately 1% each of nitrogen oxides, sulfur oxides,
carbon monoxide and other particulates [3], as shown in Figure 1

Figure 1
The Major Product of Emissions From Jet Engine [4]
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The adverse effect of using fossil fuel poses a threat to the environment and also to
human health, having the potential to damage the human cardiovascular system [5]. The
emissions produced from the aviation sector is small when compared to other sources of
emissions in the transportation sector (e.g., road, rail), the aviation industry is growing
rapidly. Due to this rapid growth, the Federal Aviation Administration (FAA) expects an
increase of over 200% in air transportation over the next 20 years [7]. This clearly means
that an increase in air transportation will result in increased energy demand, and
consequently, an increase in greenhouse gas emissions and particulate matter (PM) [7].
The International Civil Aviation Organization (ICAO) pledged to reduce greenhouse gas
emission (GHG) by fifty percent from 2005 levels by the year 2050 through its roadmap
as shown in Figure 2 [8].
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Figure 2
The International Civil Aviation Organization GHG Reduction Roadmap[8]

The emissions from jet engines are altitude sensitive in the sense that particulate
matter and emissions that are emitted at low altitude have a higher harmful effect on
humans, wildlife and environment when compared to emissions at higher altitude [9]. In
particular, carbon dioxide not only has an extensive effect on humans, but also contributes
to anthropogenic global warming [9]. Price volatility, energy security, global warming and
climate change caused by the use fossil fuel are some major motivations for adoption of
alternative jet fuels. Reduction of CO2 has been huge concern for researchers in this field
and has been the motivation behind the quest for alternative and sustainable jet fuels.
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Conventional jet fuels are products of crude oil, which is non-renewable source of
energy limited in supply. Their greenhouse gas emissions coupled with the increase in
global population has motivated interest in renewable, sustainable and reliable energy
sources for air travel and transport [10, 11].
Conventional jet fuel is comprised of hydrocarbon mixtures of various chemical
structures and a range of carbon numbers [12]. Conventional jet fuel possesses some
characteristics, such as physical properties that cannot be easily achieved with alternative
jet fuels. These properties, including conventional fuel compatibility with existing
infrastructure, are well established due to many years of usage [4]. The molecular content
of conventional jet fuel consists of mixtures of branched, cyclic, aromatic, and straight
chain hydrocarbons as shown in Figure 3. For example, a conventional jet fuel may be
composed of 20% of n-alkanes, 40% of iso-alkanes, 20% of cycloalkanes and 20% of
aromatic hydrocarbons with carbon number distribution between 9 to 16 [13]. Of
importance for this thesis, the sooting tendency of these hydrocarbons were ranked in [14]
as aromatics > cycloalkanes > iso-alkanes > n-alkanes.
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Figure 3
Molecular Composition of a Typical Jet A-1 [18]

Although aromatics are crucial in attaining the appropriate fuel density, aromatics
have the highest sooting tendency and are responsible for most of particulate emissions
produced by jet fuels [15]. Aromatic content is therefore a major contributor to the
relatively low smoke points of jet fuels. To reduce a great amount of particulate emissions,
the aromatic content of jet fuels must be reduced, or alternatively, the hydrogen content
should be increased [15]. However, reducing the aromatic content using linear or branched
alkanes will reduce the jet fuel volumetric energy density [15]. Jet and airplanes require
fuel that possess high energy density, low level of impurities and high degrees of stability,
and airplanes also have a very few energy alternatives when compared to other forms of
transportation, such as ships that can rely on wind energy or nuclear energy as possible
alternatives to diesel and automobiles that can use hydrogen (fuel cell), solar energy and
electricity as alternative to gasoline [16].
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To compensate for this reduction of jet fuel energy density in today’s alternative jet
fuel, alternative jet fuels obtained from non-petroleum resources could consist of great
amount of cycloalkanes to sustain the high volumetric energy density with little or no
aromatic contents [15]. A complication of lowering or eliminating aromatics content is that
it leads to high smoke points which cannot be directly measured using the standard ASTM
D1322 smoke point method [17].

1.2 Alternative Gas Turbine Fuels for Air Transport
The Federal Aviation Administration (FAA) predicted an increase of over 200% in
air transportation over the next 20 years [7]. Due to this projection, key factors considered
in the formulation of alternative jet fuels are reduction in price volatility, increases in the
sources of energy for airplanes, reduction of fuel prices, environmental benefits and bioeconomy development [18].
Alternative jet fuels can be considered part of the arc of human technological
development. Since the stone age, fire was being used for domestic purposes such as
cooking, warming, lighting and other purposes [19]. It was later discovered that coal was
significant source of energy [19]. The introduction of fossil fuel gave an alternative to the
use of coal to power steam engines, and to this day, fossil fuels remain the largest sources
of energy for humankind [19]. In 1928, the first turbojet was invented and turbojets were
used for the first time in an aircraft in 1939. The turbojet was designed to use gasoline but
due to some limitations in its supply, kerosene was substituted. Kerosene, also called
‘Aviation Turbine Fuel’ or ‘aviation kerosene’ [20], remains in present use as jet fuel.
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Aviation turbine fuel is obtained from petroleum resources. Due to its long usage in
the aviation industry, its properties (both physical and chemical) are well understood unlike the alternative jet fuels for which research is still in progress to fully understand
their properties and compatibilities with existing infrastructure [21]. Disadvantages of
conventional jet fuel are that it depletes overtime (i.e., it is not renewable) and it might no
longer be available in the long term, its usage contributes greatly to global warming, and it
has price volatility due to geopolitical instability leading to fluctuations in operational costs
for airlines [22].
1.2.1 The Composition of Alternative Jet Fuels
Alternative jet fuels are synthetic liquid fuels that are obtained from biogenic
feedstocks or from non-petroleum resources. Conventional jet fuels are made up of an array
of hydrocarbon compounds that is categorized into four families namely:
i.

n-alkanes (long-chained, unbranched alkanes)

ii.

iso-alkanes (long-chained, branched alkanes)

iii.

aromatics

iv.

cycloalkanes (naphthenes)
The major difference between conventional jet fuel and alternative jet fuel is that

most alternative jet fuel does not have aromatic content [23] and the major problem to large
scale production and deployment of alternative jet fuels is the necessity of harmonizing
desirable physical and chemical properties of conventional and alternative jet fuels [16].
These properties include flash point and distillation, viscosity, cetane number, smoke point
and threshold sooting index [4, 24-27]. There are some limits to the amount of aromatics
(25 vol%), sulfur (3000 ppm) and alkenes (5 vol%) content in jet fuels in order to avoid
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operational problems, SOx emissions, and high freezing points [13, 28]. To reduce the
amount of particulate emissions significantly, the fuel aromatic content can be reduced,
implying that the hydrogen content of the fuel would be increased [15]. Even though
aromatics are responsible for soot formation, aromatics are crucial when considering the
quality, safety, and especially, the lubricity of jet fuel [13]. According to the most recent
American Society for Testing Materials standard (ASTM D7566-14a), for an alternative
jet fuel to meet the quality and performance standards, the alternative jet fuel must be
blended with petroleum-derived jet fuel such that the amount of alternative jet fuel content
does not exceed 50 vol% [16]. The blended fuels must also contain at least 8 vol% of
aromatics content [29].
1.2.2 How Alternative Jet Fuels are Made
Before the introduction of alternative jet fuels, jet fuel was produced almost
exclusively from the kerosene hydrocarbon fraction of petroleum distillation [30]. There
are two types of commercial fuels that are used as jet fuels: Jet A and Jet A-1. Jet A-1 is
mostly preferable to Jet A because Jet A-1 freezes at lower temperatures than Jet A [31].
Presently, bioenergy constitutes about 10% of the global energy as used in its
various forms. Biofuels are alternative sources that are derived directly or indirectly from
organic resources (biomass) including wood, starch, algae, sugars, lignocellulose,
triglycerides, plant waste, and/or animal dung [16, 32]. Liquid fuels, gaseous fuels,
electricity and other kinds of chemicals can all be obtained from biomass [33]. Bio-derived
jet fuels have nearly zero sulfur and net carbon dioxide content. With this latter quality,
alternative jet fuels have the tendency to reduce greenhouse gas (GHG) emissions,
offsetting some adverse effects of using conventional jet fuel (fossil fuel) [34-37].
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First-generation biofuels fuels are made from crops such as, sugar, soy, etc. which
also serve as food for human consumption. To ensure that there is food security for human
consumption, efforts are being made by researchers to develop biofuels made from nonfood biomass such as plant waste and animal dung. Hence, second generation biofuels are
made from feedstocks that do not compete with food production for mankind [34].
Feedstocks such as oils and terpenes are used to produce high-value chemicals [38] and
lignocellulose are used to produce low-value fuels [39-41]. Presently five different types
of bio-derived jet fuels have been certified by ASTM International and are widely accepted
as sustainable and renewable jet fuels. Their conversion pathways as shown in Table 1 [36,
37, 42].
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Table 1
Certified Alternative Jet Fuel and Their Conversion Pathways [24]
HEFA –
Fuel Type

FT – SPK

FT –
HFS – SIP

SPK

ATJ - SPK
SPK/A

Hydro
Hydro-

Conversion

processed

of syngas

Thermochemical

fermented

to synthetic

conversion of

sugars to

paraffinic

alcohols to

synthesized

kerosene

paraffinic

iso-

with

kerosene

paraffins

aromatics

processed
Conversion
esters and
of syngas
fatty acids
Description

to synthetic
to
paraffinic
synthetic
kerosene
paraffinic
kerosene

Qualification

September

Date

2009

November
July 2011

June 2014

April 2016
2015

ASTM
Blend
50

50

10

Limitation
(v %)

10

50

30

1.3 Desirable Properties of Alternative Jet Fuels
The properties of jet fuels are very important to determine if they are suitable for air
transport purposes [4]. Air transport engines requires consistency in fuel physical and
chemical characteristics for reliability and safety purposes [4]. When considering
alternative jet fuels, the physical and chemical properties and their effect on jet engine
operation and emission must be greatly examined before they can be considered as an
aviation fuel. Some of these properties are discussed below.
1.3.1 Flash Point and Distillation
The flash temperature is the lowest temperature to cause sufficient combustible
vapor to ignite when fuel is exposed to naked flame [4]. When the flash point of a fuel is
low, it is hard to improve performance by mixing with a higher flash point fuel. An increase
in flash point and subsequent change in distillation lessens the volatility of a fuel. This
makes it difficult for combustion to take place under some conditions [25] – to a degree,
the higher the flash point, the higher the adverse effect it has on the engine performance
and engine start-up [25], but higher flashpoint also leads to higher margin of safety for fuel
handling operations.
The flash point temperature of jet fuel is of major interest in term of safety. The
distillation of a fuel is the degree of volatility the fuel and establishes the amount of fuel
that vaporizes under a specified condition [24]. Distillation is critical in safety assessment
of jet fuel as it determine the potential of fuel to generate flammable vapors [24].
Distillation is also important in determining the efficiency of engines and the potential of
the fuel to vapor lock at extreme temperatures [24].
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1.3.2 Viscosity
Viscosity is the degree of fluid’s resistance to motion. The viscosity of jet fuel is
an important property as much as operation of the jet fuel is concern. The viscosity of jet
fuel determines the kind of design to be employed in the fuel systems. The viscosity of fuel
influences the operation of jet fuel in many ways. The higher the viscosity of jet fuel, the
lower the ability of the fuel to flow easily. When the viscosity increases, the pressure drop
also increases. When a jet fuel exhibits high viscosity, it often results in soot formation and
engine deposit increases due to inadequate atomization [24].
1.3.3 Cetane Number
The cetane number of jet fuel is a dimensionless indicator of ignition quality.
Cetane number gives the relationship between the start of injection and the first
recognizable rise in pressure due to combustion [24]. As the cetane number of jet fuel
decreases, the time between the injection and combustion, the ignition delay (ID),
increases. Derived Cetane Number (DCN) is obtained using ignition quality tester (IQT)
as described in ASTM D6890. The relationship between DCN and ID is shown in equation
1 and it only applies to IDs of 3.5 to 5.5 milliseconds.
DCN = 83.99 × (ID – 1.512)-0.658 + 3.547

(1)

Carpenter et al. [15] investigated the DCNs of n-alkanes and saturated cycloalkanes
and concluded that the DCN of n-alkanes increases with increase in carbon number while
the DCN of saturated cycloalkanes does not increase with carbon number, at least over a
limited range of carbon numbers.
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1.3.4 Hydrogen to Carbon (H/C) Ratio
Jet fuel is composed mainly composed of hydrocarbons as has an average hydrogen
to carbon ratio, depending on the proportions of alkanes, cycloalkanes and aromatics found
in the fuel [43]. H/C ratio has been listed among the combustion properties of interest for
fuel performance [12, 43]. With respect to sooting potential, conditions to be met for Jet
A/JP-8 demands that hydrogen content should be at least13.4 percent by mass [20]. Studies
have shown that H/C ratio have a relationship with the sooting potential of jet fuels [4446].
1.3.5 Smoke Point
The smoke point, as stated by ASTM D1322, is defined as the property of fuels that
shows the degree of its tendency to form soot during combustion [47]. Kewley and Jackson
[48] were the first to investigate the sooting potential of fuels in which an experiment on a
wick-fed Weber Photometer lamp. The length of the wick in the weber photometer, which
can be adjusted, is used to burn the liquid fuel in the photometer [49]. The measured smoke
height obtained during the experiment was subtracted from 32 mm, the higher limit of the
scale. Hence, it was deduced that the higher the resulting value which is the smoke point,
the higher the sooting potential of the fuel [49]. Generally, the amount of aromatic content
in a fuel determines the sooting tendency of the fuel. The higher the aromatic content of a
fuel, the lower the smoke point of the fuel and the lower the aromatic content, the higher
the smoke point. Smoke point is an integral property in determining the Threshold Sooting
Index (TSI) of pure hydrocarbons. Presently, the maximum smoke point height obtainable
using the ASTM D1322 is 50 mm which means the apparatus is not capable of measuring
smoke points of jet fuel above 50 mm [50]. This makes it difficult to determine the smoke
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points and ultimately the Threshold Sooting Index (TSI) of alternative jet fuels [50]. This
is because alternative jet fuels exhibit high smoke points (due to their low aromatic and
sulfur content) which may be too high for direct measurement using the ASTM D1322
standard method [17].
1.3.6 Threshold Sooting Index
The Threshold Sooting Index (TSI) was introduced by Calcote and Manos [14] as
a measure of tendency to soot of pure hydrocarbons. The Threshold Sooting Index (TSI)
also gives the basis to compare the sooting tendency of conventional jet fuels and
alternative jet fuels.
Calcote and Manos [14] defined the Threshold Sooting Index (TSI) mathematically as:
TSI = a (MW/SP) + b

(2)

Where
a and b = scale constants
MW = Molecular Weight of blend
SP = Smoke Point of fuel.
To determine the TSI as seen in equation 2, the smoke point is required. As smoke
points are being measured by researchers making use of different devices, there is no
uniformity in results. Hence, the ASTM D1322 standard method was introduced for
uniformity of smoke point results. While TSI and smoke point are clearly related, TSI is
the metric commonly used for jet fuel formulation [17, 51-53].
1.4 Types of Molecules Found in Jet Fuels
The most popular jet fuel (Jet A-1) consists of different hydrocarbons whose carbon
number ranges from 9-16. The molecules found in jet fuels are divided into four different
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groups. They are n-alkanes, iso-alkanes, cycloalkanes and aromatics. Approximately 80%
of the jet fuel is made up of n-alkanes, iso-alkanes and cycloalkanes, with the remaining
20% accounted for by the aromatic content as shown in Figure 4.

Figure 4
Different Types of Molecules and Their Molecular Structure Found In A Typical Jet A-1
Fuel [54]

1.4.1 N-Alkanes and Iso-Alkanes
The n-alkanes and iso-alkanes are major classes of molecules found in a typical jet
fuel, making up-to sixty percent of the total content of conventional jet fuel. N-alkanes and
iso-alkanes are rich in specific energy and they possess higher thermal stability than other
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molecules found in conventional jet fuel [55]. N-alkanes have the highest derived cetane
number of hydrocarbons among hydrocarbons that have similar carbon numbers.
1.4.2 Aromatics
Aromatics make up approximately 20% of a conventional jet fuel. Aromatics plays
a significant role in conventional jet fuel due to their high energy density; however, they
have lower specific energy than alkanes and contribute greatly to soot produced by
conventional jet fuel combustion [55]. The higher the content of aromatics, the higher the
soot produced [15]. Therefore, to reduce the soot formation produced by a conventional jet
fuel significantly, the aromatic content could be reduced by increasing the hydrogen
content of the fuel [15], possibly with cycloalkanes as introduced below.
1.4.3. Cycloalkanes
Cycloalkanes

(also

known

as

naphthenes,

cycloparaffins,

or

alicyclic

hydrocarbons) are alkanes that composed of carbon atoms joined in a closed loop. Simple
rings are named analogously to other n-alkanes with same carbon number [56]. The
monocyclic hydrocarbons considered in this study exhibit various properties desirable for
jet fuels. In particular, cycloalkanes are known for their high energy densities.
Cycloalkanes are added in large fractions to alternative jet fuels because due to their great
tendency to maintain high volumetric energy density in the absence of aromatic content in
jet fuel composition [15]. This implies that cycloalkanes have the potential to replace
aromatics content in jet fuels, although further research is required.
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Figure 5
Types of Molecules in Jet A Fuel (POSF 10325) [57]

1.5 Jet Fuel Compared to Other Transportation Fuel
Fuels used in the transportation sector include gasoline, kerosene (jet fuel) and
diesel, among others. These fuels are basically mixtures of hydrocarbon compounds. The
physical and chemical properties in these fuels and the fuel requirements to meet the
specifications in their applications also differs. The molecules in gasoline range in carbon
number from C4- C12, with the initial and final boiling points of gasoline at normal
atmospheric pressure of approximately 35°C and 200°C, respectively. Molecules in
kerosene (jet fuel) range in carbon number between C8-C16, with the initial boiling point
and final boiling point at atmospheric pressure of approximately 125°C and 290°C,
respectively. Similarly, the molecules in diesel range in carbon number from C8 – C23 and
the initial and final boiling points at atmospheric pressure are approximately 150°C and
380°C [55]. The boiling point of fuel has a great influence on its degree of vaporization
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and combustion to a large extent. A low boiling point fuel evaporates faster and
consequently, a high boiling point fuel evaporates slower.
Figure 6 shows the volatility of fuels and sooting tendency of jet fuel molecules. In
these metrics, jet fuel falls between gasoline and diesel. In term of volatility, there is
significant overlap in volatility of diesel and jet fuel. Also, there is equally an overlap in
volatility of jet fuel and gasoline. Volatility is one of the important properties of jet fuel,
as relatively high volatility fuel is needed for easy start up in cold weather as the
temperature for flights sometimes falls below -40°C. High volatility also to enables swift
aerial restart [58]. Also, relatively low volatility is also important to eliminate or decrease
the tendency of vapor lock and to also reduce fuel losses by evaporation. Jet fuel possesses
this property as well [58], when considering the range of volatility in the fuel mixture.
Figure 6 also indicates the auto-ignitability of transportation fuels. Diesel has the
highest auto-ignitability among these fuels, followed by jet fuel then gasoline. The autoignitability of a fuel is the ability of a fuel to self-ignite under local combustion conditions
without external source of ignition. The particular ranges of autoignitability, volatility and
other properties discussed above make jet fuel suitable for aviation applications.
Figure 6 also explains the sooting potential of each class of molecules found in jet
fuel. Aromatics have the highest sooting potential, followed by iso-alkanes and then nalkanes with the least potential for soot formation. Cycloalkanes are not included in the
chart. This is because more information on cycloalkanes is required to fully understand the
sooting tendency of this molecular class. This will be covered in this present study.
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Figure 6
The Volatility of Fuels and Sooting Tendency of Jet Fuel Molecules

1.6 Central Thesis Problem
Concerns of climate change caused by CO2 emissions, as well as harmful soot
emissions, are linked to fossil fuel use. To reduce or eliminate these issues in the aviation
sector, alternative jet fuels are required. Aromatics content is responsible for a large
fraction of the soot formation in jet fuels, and researchers suggest that cycloalkanes can be
a substitute for aromatics. This will thereby reduce the formation of soot and particulate
emissions produced by jet fuels. Despite much study of the various other classes of
molecules found in jet fuel, cycloalkanes are relatively under-studied. Even though
cycloalkanes may be able to address CO2 and particulate emissions issues, the smoke points
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for this class of molecules is needed to better understand cycloalkane-based alternative fuel
properties, in particular, the Threshold Sooting Index (TSI), which is presently not
available for many cycloalkanes.
The purpose of this thesis is to generate a consistent ASTM D1322 smoke point
dataset for the cycloalkanes considered in this study. In addition to the cycloalkanes, some
pure component hydrocarbon and surrogate fuel mixtures were tested for comparison to
previous studies found in the literature. A second objective was to examine the effect of
number of carbons in the cycloalkane ring for unsubstituted cycloalkanes. A final objective
was to investigate the effect of number of carbons on alkyl side chain substitution of
cyclohexane ring. Overall, the smoke points obtained in this study can give more clear
direction to jet fuel designers who are investigating the behaviors of sustainable alternative
jet fuel.
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Chapter 2
Literature Review
2.1 Overview of Alternative Smoke Points Measurement
In previous studies on smoke point found in the literature, the main purpose of
smoking point determination is to investigate the quality of kerosene as it is the only source
of illumination at that time.
Hunt et al. [59] found out that an increase in wick diameter is an increase in smoke
point of fuels. Hunt et al. [59] only investigated this with few fuels and also, a large number
of wick diameter variation were not considered in their investigation. This is the only study
available that investigates the relationship between wick diameter. Therefore, the data
obtained in their study is not sufficient enough to validate this correlation between smoke
point and wick diameter.
Minchin [60] investigated the smoke points of kerosene obtained from various
crudes and their correlation with aromatic contents. Minchin [60] in his investigation
concluded that the sooting tendency of a fuel is a function of the molar volume of oxygen
and molar volume of the products obtained from the combustion. Minchin [60] in the same
study also showed the relationship between sooting tendency and carbon number of some
hydrocarbons. For each family of hydrocarbon, Minchin found out that there is relationship
between sooting tendency and carbon number. For Alkanes, he concluded that the higher
the carbon number, the lower the sooting tendency. For other families of hydrocarbon, the
higher the carbon number, the higher the sooting tendency. These results vividly show that
there is an established relationship between the sooting tendency and molecular structure.
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Schug et al. [61] conducted an investigation on sooting behavior of gaseous
hydrocarbon diffusion flames and their influence of additives. In their study, some
alterations were made in which diluents were added to the fuel flow with adequate air
supply to the burner. During the test, hydrogen-carbon ratio and temperature were
restrained. The results obtained from the experiment shows that fuel structure was a major
determinant of sooting propensity and that hydrogen-carbon ratio was not a major
determinant of sooting tendency.
Clarke et al. [44] carried out an experiment to obtain the smoke point of different
hydrocarbons using a wickless conical burner. The smoke points obtained were
significantly higher than the smoke points obtained from the wick lamp. Although they
both follow same theoretical trend and are both similar in their relationship between sooting
tendency and hydrogen-carbon ratio. However, the major observation was that iso-alkanes
have a higher sooting tendency than n-alkanes even though they have the same hydrogencarbon ratio.
Schalla and McDonald [62] carried out experiment to determine the smoke tendency
in fuels with low molecular weights. The effect of carbon bond was analyzed against the
smoke point. The result showed that n-alkanes have the highest smoke free flames and
decreases as the chain length increases while cycloalkanes have the lowest flame heights.
Schalla and McDonald [62] also observed that the higher the complexity in the molecular
structure of fuels, the lower the smoke free heights.
Schalla et al. [63] studied the smoke point variation in diffusion flames. The aim of
the study was to determine the effect of pressure, fuel type, fuel temperature, air flow,
oxygen enrichment in smoke point variation. The results indicated obtained showed that
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with the effect of fuel, smoke points increased in the following order, n-alkanes < isoalkanes < monoalkanes < alkynes < aromatics.

2.2 The ASTM D1322 Standard Smoke Point Determination Method
The ASTM D1322 smoke point test has been the global standard method of smoke
point determination. The ASTM is the simplest and quickest way of determining the
sooting tendency of jet fuels [5]. As the world is shifting from conventional fuel to
sustainable and renewable source of energy, a lot of researchers have carried out different
researches and have proven that alternative jet fuels have the potential to replace the
conventional jet fuels. These alternative jet fuels are characterized by their high smoke
points due to little or absence of aromatics. Unfortunately, the existing ASTM D1322
standard smoke point method is not capable of determining the smoke points of these
alternative jet fuels directly. This makes it difficult to obtain the smoke points of alternative
jet fuels and their blended properties [17]. Due to this, different researchers have carried
out investigations to find alternative methods to determine the smoke points of alternative
jet fuels which will still conform to the universal ASTM D1322 smoke point test method.
The ASTM D1322 is the standard test method for smoke point of jet fuels, this test
method comprises of two procedures which are the machine-assisted test method and the
manual test method. Toluene and 2,2,4-trimethylpentane were used as the referenced fuel
blends in this standard test method with respect to compositions as shown in Table 2.
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Table 2
The ASTM D1322 Standard Referenced Fuel Blends
Standard smoke point at 101.3kpa

14.7

20.2 22.7 25.8 30.2 35.4 42.8

Toluene %(V/V)

40

25

20

15

10

5

0

2,2,4-trimethylpentane

60

75

80

85

90

95

100

% (V/V)

The ASTM D1322 standard method was carried out with two procedures which is
the manual procedure and the machine-assisted procedure and the results obtained from
both procedures was with different precision. The result obtained from the ASTM D1322
method is regarded as the standard measurement of smoke point.
2.2.1 The ASTM D1322 Manual Procedure
In the ASTM D1322 standard manual [64] procedure, the fuel sample was burnt in
a confined wick-fed lamp. The wick-fed lamp was calibrated with pure hydrocarbon blends
whose smoke points has been known. Figure 7 and Figure 8 show the smoke point lamp
and the smoke point lamp body used in the manual procedure.
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Figure 7
The ASTM D1322 Manual Procedure Smoke Point Lamp [65]
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Figure 8
The ASTM D1322 Manual Procedure Smoke Point Lamp Body [64]

The smoke point lamp used in the manual procedure has a scale as seen in Figure 8
calibrated from 0 to 50 mm and graduated in 1 mm intervals. The highest smoke points
obtainable using this method is 50 mm. Unfortunately, the smoke points of most alternative
jet fuels cannot be determined directly with the ASTM D1322 standard manual method.
This is because the smoke points of most alternative jet fuels exceeds 50 mm which is the
highest smoke points that is obtainable from ASTM D1322 standard manual method [17].
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The smoke point is calculated using equation 5 below:
SP = L X f

(3)

Where,
SP = Smoke point
L = Average length of three consecutive readings
f = Correction factor
The ASTM D1322 standard requires that to obtain a good result, the smoke flame
should follow processes:
1. The flame tip should have a long tip and the smoke is slightly seen; and appears
erratic and jumpy flame.
2. The flame should be elongated and pointed tip with the sides of the flame tip visible
to be concave upward as shown in Figure 9 (Flame A).
3. A very slightly blunted flame remains just after the flame pointed tip vanishes as
shown in Figure 9 (Flame B).
4. Flame C as shown in Figure 9 is a perfect rounded tip. The flame height of the
correct flame (Flame B) is measured and approximate to the nearest 0.5 mm.
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Figure 9
Different Flames Observed During ASTM D1322 Procedures [64]

To record the flame point observed, three different measurements are taken such
that the values obtained are within the range of 1.0 mm apart, otherwise, a repetition is
required with a fresh fuel sample and new wick.
2.2.2 The ASTM D1322 Machine-Assisted Method
The ASTM D1322 machine-assisted method is similar to the manual procedure.
The difference between the ASTM D1322 standard manual method and the ASTM D1322
machine assisted method is that the automated procedure makes use of computer and digital
camera to measure and record the smoke point with the aid of barometric pressure
acquisition system choosing the right calibration [64]. The smoke point is automatically
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calculated by the apparatus as shown in Figure 10. The results obtained from the ASTM
D1322 machine assisted method is more accurate than the ASTM D1322 manual method
when compared to eye calibration and error due to flame flickering that occur when
employing the ASTM D1322 manual method [64]. The ASTM D1322 standard regards the
automated methods as the best method when there is disagreement between the ASTM
D1322 manual and automated methods. The ASTM D1322 also regards the automated
procedure as the referee.

Figure 10
The ASTM D1322 Automated Smoke Point Principle [64]

2.3 Fuel Uptake Rate Measurement with Threshold Imaging (FURTI) Method
Graziano et al. [6] carried out an in-depth investigation on how the accuracy and
reproducibility of the ASTM D1322 smoke point test can be improved. This comes after
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Olson et al. [45] proposed that the smoke point of jet fuel can be determined by taking the
measurement of the fuel uptake rate at the exact smoke point instead of taking the
measurement of the smoke point itself. In the FURTI method [6], the flame was adjusted
while the fuel uptake was measured at each height instead of taking the measurement of
the smoke point itself as stated by ASTM D1322 traditional standard. Also, the smoke
point lamp burner was modified in such a way that its weight and its flame adjustment was
lesser when compared with the maximum allowable balance as shown in Figure 10. In the
investigation carried out by Graziano et al. [6] , instead of weighing the burner before and
after each fuel uptake rate measurement, continuous weighing of the smoke point test
burner approach was used in conjunction with linear regression of the results obtained to
establish the fuel uptake rate. This approach was used to reduce the uncertainty of the rate
of evaporation of the fuel during the experiment. The slope of the least-square regression
line obtained was used to establish the fuel uptake rate [6]. The flame height obtained in
this experiment was measured with the use of webcam at twenty frames per second and the
smoke points obtained in FURTI method were determined by using the ASTM D1322
standard procedures as this was incorporated to the apparatus as shown in Figure 11.
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Figure 11
The Apparatus Used in The Fuel Uptake Rate and Threshold Imaging Method [6]

The reproducibility of the FURTI method was determined by carrying out each
procedure by a minimum of 9 times with a minimum of two operators.
In order to affirm these findings to the ASTM D1322 standard, ten sets of toluene were
used as reference fuels and the smoke points were obtained following the ASTM D1322
standard requirements. Of the ten set of toluene, four of the flame heights obtained were
plotted against the fuel uptake rate with some outliers in the data. Despite these
shortcomings, the distortions observed by Olson et al. [45] was also observed in nearly all
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cases in the FURTI method except for pure n-heptane. It was also observed that the
percentage error obtained in the smoke point and also in the fuel uptake rate were 50%
lesser than the ASTM D1322 standard [5]. However, to have a true estimate on how FURTI
method is better, conversion of the raw data to threshold sooting Index values is required
along with the corresponding error estimates [5].
2.4 Improved Method of Smoke Point Normalization (NSP)
The smoke point study performed by Li and Sunderland [52] which is the
normalized smoke point method provided NSP values for one hundred and twelve
hydrocarbons in diffusion flames which is the highest till date. This study was performed
as a result of the major drawbacks found in threshold sooting index (TSI) especially the
dependence of threshold sooting index on fuel molar mass. The normalized smoke point
according to Li and Sunderland [52] eliminates all the drawbacks of threshold sooting
index. In the study performed by Li and Sunderland [52], twelve studies were considered
and two hundred and fifty-six smoke points measurement were obtained in one hundred
and twelve hydrocarbons, which makes it the highest number of fuels to have been
measured quantitatively [52]. The normalized smoke point for each fuel as defined by Li
and Sunderland [52] is the weighted average of the smoke points measurement of each fuel
from the twelve studies considered in the study. Which is expressed mathematically as:
Normal Smoke Point = mean (AL)
Where,
Mean = arithmetic mean
A = dimensionless fitting constant (close to unity)
L = Smoke point length.
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(4)

Li and Sunderland [52] realized in the study that the sooting propensity of molecules
of increases in the following order, alkanes < alkenes < 1-alkenes < aromatics and the
sooting propensity of hydrocarbons in diffusion flames increases as the hydrogen-carbon
ratio increases.
Li and Sunderland [52] stated that the sooting tendency of hydrocarbons increases as the
H/C ratio increases. Even though this study was able to eliminates the major problems
encountered with threshold sooting index (TSI), this method is not equivalent to the ASTM
D1322 standard smoke point method [64]
2.5 Virtual Smoke Point (VSP) Determination of Alternative Aviation Kerosenes by
Threshold Sooting Index (TSI) Methods
ASTM D1322 smoke point test method [64] is the standard method to validate jet
fuels suitability in aviation. The ASTM D1322 standard smoke point lamp is calibrated
between 0 to 50 mm. The world is moving from conventional jet fuels to alternative jet
fuels due to climate change and global warming, alternative jet fuel has the potential to
reduce or eliminate the adverse effect of conventional jet fuels on the environment. One
characteristics of alternative jet fuels is that the smoke points are higher than the smoke
points of conventional jet fuels. The higher the smoke point, the lesser the sooting
tendency. The smoke points of most alternative jet fuels smoke points exceed the 50 mm
limit that is obtainable from ASTM D1322 smoke point test method. Hence, the smoke
points of alternative jet fuels cannot be directly measured by the ASTM D1322 method
and this makes it difficult to blend alternative jet fuels with conventional fuels[17].
Haas et al. [17] carried out study to solve this problem by the virtual smoke point
(VSP) method by using the linear-by-mole blending rule of the Threshold Sooting Index
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(TSI) which has been illustrated in previous studies for hydrocarbon fluids. The virtual
smoke points of alternative jet fuels with low sooting tendency can be predicted if the
molecular weight of the blending fuels is known using the standard ASTM D1322 smoke
point measurement. Haas et al. [50] illustrated this method with iso-octane and n-dodecane.
The smoke points of these alternative jet fuels were determined by scaling the ratio of
molecular weight and Smoke Point (MW/SP) against the molar blend fraction of the base
fuel (toluene). The linear trend obtained was computed by extrapolation and the smoke
point is determined at the point where the linear trend intercept MW/SP. The results
obtained shows that the virtual smoke point method (VSP) conform with the ASTM DI322.
The result also shows that the Virtual Smoke Point (VSP) has the same accuracy and
repeatability as the standard ASTM D1322 standard.
Even though it is an established fact that cycloalkanes have the tendency to replace
aromatics due to its high energy densities, due to some reasons researchers have not been
able to determine the smoke points of cycloalkanes in the literature. Therefore, this present
work will make use of the Virtual Smoke Point (VSP) method [17] to determine the smoke
points of cyclo-alkanes.
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Chapter 3
Experimental Approach for Smoke Point Determination
3.1 Experimental Apparatus
A smoke point lamp as stated by ASTM D1322-19 standard method [64] was used
to determine the smoke point height of compounds listed in Table 3. The ASTM D1322
smoke point lamp consists of a scale which is graduated from 0 to 50 mm at intervals of 1
mm, a fuel reservoir which stores the liquid fuel to be burned, wick tube which houses the
wick into the fuel reservoir and the wick as shown in Figure 12. Figure 13 shows the smoke
point lamp candle assembly which includes the fuel reservoir, wick, wick tube, wick
trimmer assembly, blade, pipette and timer used in the ASTM D1322 smoke point
experiment. The top of the wick guide is leveled with the wick guide on the scale. The
Scale is enclosed inside a black painted steel which covered the apparatus on the three sides
(Left side, the back of the scale and the right side of the scale). The wick in the candle
assembly can be adjusted through a screw on the smoke point lamp to enable up and down
movement of the wick. The front of the enclosure containing the apparatus was split into
two segments, the upper segment was covered with glass and the lower part was covered
with a blue painted steel plate. The glass door on the front of the smoke point lamp was
curved to prevent production of different flame images during experiment.
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Table 3
List of Hydrocarbons and Oxygenates Used in this Work
Chemical

Chemical Formula

CAS Number

Purity Percentage

Cyclopentanone

C5H8O

120-92-3

99%

Cyclopentane

C5H10

287-92-3

99+%

Cyclopentanol

C5H10O

96-41-3

99%

Cyclohexanone

C6H10O

108-94-1

99%

Cyclohexane

C6H12

110-82-7

99.5%

Methylcyclopentane

C6H12

96-37-7

>96%

Cyclohexanol

C6H12O

108-93-0

99

Toluene

C7H8

108-88-3

99.7%

Cycloheptane

C7H14

291-64-5

99%

Methylcyclohexane

C7H14

108-87-2

99%

N-heptane

C7H16

142-82-5

99%

M-Xylene

C8H10

108-38-3

99%
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Chemical

Chemical Formula

CAS Number

Purity Percentage

Ethylcyclohexane

C8H16

1678-91-7

>99%

Cyclooctane

C8H16

292-64-8

99+%

2,2,4-Trimethylpentane

C8H18

540-84-1

99.7%

1,3,5-Trimethylbenzene

C9H12

108-67-8

>97%

N-Propyl-cyclohexane

C9H18

1678-92-8

>98%

Butylbenzene

C10H14

104-51-8

>99%

N-dodecane

C12H26

112-40-3

>99%

Tetradecane

C14H30

629-59-4

>99%

JP-8 Surrogate

-

-

>99%
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Figure 12
The ASTM D1322 Standard Smoke Point Lamp

(a)

(b)

Figure 13
The Smoke Point Lamp Candle Assembly
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3.2 Experimental Procedure
The smoke point measurements of fuels taken in this work were carried out as stated
in ASTM D1322-19 standard test method for smoke point determination of liquid fuels
[64]. The fuel mixtures (liquid fuel and the base blend) whose smoke point measurement
are to be determined are weighed on a scale in grams. It was necessary to determine the
rate of evaporation of liquid fuels so as to know how much liquid fuel is lost to the
atmosphere during fuel mixing.
3.2.1 Experimental Approach
This approach was considered to ensure accurate mixing blends and ultimately
accurate smoke point measurements. An experiment was conducted to determine the
evaporation rate of fuel, in which iso-octane was used as specimen and the experiment was
carried out inside the laboratory fume hood with face velocities of 149 fpm, 153 fpm and
154 fpm respectively. The mass loss of iso-octane was measured. During the experiment,
30g of Iso-octane was left in a beaker and exposed to the atmosphere for ten minutes. After
ten minutes, the amount of iso-octane left in the beaker was approximately 29.8g. This
means that approximately 0.2g (< 1%) was lost to evaporation. These experiments were
carried out three times consecutively and the results obtained was plotted as shown in
Figure 14. Hence, the total mass of fuel lost to the atmosphere during mixing was
considered to have no significant effect in the experiments and results.
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Figure 14
Variation of Evaporation Rate of Iso-Octane
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After the evaporation rate of fuel has been found to be insignificant, smoke point
experiments commenced. For all of these experiments, a new, dry, pre-extracted wick of
about 120 mm length was fully soaked inside an 80 mL sized bottle containing the sample
of the fuel whose smoke point is to be determined. The wick trimmer holder of the wicktrimmer assembly was inserted into the wick tube and the long-nosed triceps were made to
pass through the wick-tube (Figure 15a and Figure 15b). The wick trimmer holder was
used to grasp the wick and pull the wick through the wick tube until only a small tip of the
wick was left at the face of the wick trimmer holder. A razor knife was then used to cut the
wick that extended past the face of the wick trimmer holder as shown in Figure 15(c), the
wick was left at the same face level with the wick trimmer holder as shown in Figure 15(d).
When the wick trimmer holder was removed from the assembly, the wick automatically
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matches with required height of 6 mm above the end of the wick tube shown in Figure
15(e) as stated by the ASTM D1322 standard smoke point method.

Figure 15
Wick Positioning Steps

(a)

(b)

(c)

(d)
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(e)

A syringe of 20 mL was used to fill the fuel reservoir with 20 mL of the fuel whose
smoke point is to be measured. After the fuel reservoir and the wick tube containing the
wick were locked into the smoke point lamp, the flame was lit with a butane lighter and
the flame was adjusted to approximately 10 mm high. Both the glass door on the front of
the lamp and the glass on the front of the apparatus enclosure were closed. The lamp was
allowed to burn for 5 minutes to stabilize. A timer was used to track the five-minute
stabilization time to ensure the lamp had reached a steady state burning condition. After
the stabilization time elapsed, to get the smoke point, the candle was raised inside the
smoke point lamp housing by the means of a screw mechanism until the flame produced a
smoky tail. Then the candle was lowered using the same screw mechanism and as the
candle was being lowered, different flame appearances were noted, as shown in Figure 16.
Initially, the first flame appearance noticed was a long tip with erratic smoke production
(Figure 16(a)), followed by an elongated pointed tip flame that appeared concave upward
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(Figure 16(b)), and then a flame with a well-rounded tip (Figure 16(c)). To find the exact
smoke point of fuels, the smoke point was obtained when the pointed tip of the flame just
vanishes and leaves a slightly blunted flame as shown in Figure 16(c). The smoke point
height is obtained where the height of the flame matches the height of its reflection on
either of the two sides of the vertical line in the scale as shown in figure 17. The smoke
point height is recorded in millimeters. The process including the stabilization of flame and
cutting of the wick is repeated twice more, and the final smoke point is determined as the
average of the three smoke point height readings.

Figure 16
Different Typical Flame Appearances

(a) Elongated, pointed tip

(b) Slightly blunted flame
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(c) Well rounded tip

Figure 17
Photograph of an 85% Cycloheptane and 15% M-Xylene Smoke Point

After the experiment, the fuel reservoir assembly is disconnected from the lamp, the
remaining fuel in the fuel reservoir is disposed into the waste can. All components of the
reservoir assembly were rinsed with n-heptane and were put inside a low temperature oven
to dry completely before they were used to carry out additional experiments.
3.3 Mixture Preparation
To ascertain that the measurements taken in this work accurately correspond to the
ASTM D1322 standard, several calibration mixtures were prepared according to the ASTM
D1322 standard [64] and experiments to determine the smoke point (as described in section
3.2) were performed. Representative results obtained in this work are shown in Table 4,
where these results are compared with the calibration fuel smoke points specified by the
ASTM D1322 standard. As can be seen, the results obtained in this work deviate no more
than 1 mm from the ASTM D1322 standard, which is permissible as stated in ASTM
D1322 [64].
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Table 4
Comparison of the Calibration Smoke Points Between ASTM D1322 and this Work
2,2,4-trimethylpentane

Toluene

ASTM D1322 Smoke
Point [64]

Present work
Smoke Point

% (V/V)

(mm)

(mm)

60

40

14.7

15.2

75

25

20.2

21.2

80

20

22.7

23.5

85

15

25.8

26.2

90

10

30.2

29.8

95

5

35.4

35.8

100

0

42.8

42.2

%(V/V)
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Figure 18
Comparison of Calibration Smoke Points in This Work Plotted Against the ASTM D1322
Standard Data [64]
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Figure 18 plots a comparison between ASTM D1322 standard calibration smoke
points described in ASTM D1322 standard [64] and the measurements obtained in this
work as shown in Table 4. As can be seen in this plot, there is insignificant difference in
the chart obtained for both ASTM D1322 standard and present. This clear indicates that
there is good agreement across the calibration range between ASTM D1322 standard and
present work.
3.4 Virtual Smoke Point Experimental Approach
The ASTM D1322 standard specifies a standard approach to measure the smoke
point of jet fuels. The smoke point of most conventional jet fuels can easily be measured
directly using the ASTM D1322 standard smoke point lamp. However, the smoke points
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of many alternative and sustainable jet fuel cannot be directly measured on the
ASTMD1322 standard smoke point lamp. This is due to the limitation of the scale on the
ASTM D1322 smoke point lamp, which can only measure smoke point up to 50 mm. As
the smoke point of alternative and sustainable jet fuels exceed 50 mm, there is value in
using the Virtual Smoke Point (VSP) approach, since it is also consistent with the ASTM
D1322 standard [17].
This work used the VSP method to determine the smoke point of several n-alkane
and cycloalkane- based pure component fuels whose smoke points cannot be measured
directly on the ASTM D1322 standard smoke point lamp. These fuels were mixed with a
base blending fuel (either toluene or m-xylene). The purpose of mixing the base blend with
the test fuel is to increase soot production, thereby lowering the smoke point of the test fuel
so that the smoke point of the mixture would be directly measurable on the standard ASTM
D1322 smoke point lamp.
The VSP of the test fuel can be determined from linear extrapolation of a series of
MW/SP measurements made for different mixtures of the test fuel in the base blend. Here
MW is the average molecular weight of the blend and SP is the smoke point obtained for
the blend. Much literature has shown empirically that fuel MW/SP trends linearly with test
fuel mole fraction [6, 17, 49, 51, 52, 66]. The VSP is determined from the extrapolated
MW/SP value at 100% mole fraction of the test fuel. Because there is no base blend left at
100% mole fraction of the test fuel, the VSP should not depend on the type of base blend
used. This result will be shown in later chapters, as will the linear MW/SP vs. mole fraction
behavior of test fuels in base blends used in this study.
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VSP technique reduces the difficulty in computing the uncertainties for fuels with
high smoke point that is associated with both the standard ASTM D1322 smoke point
lamp [64] and the normalized smoke point method [52] significantly by using a simple
uncertainty analysis by statistical linear regression tools [17]. The positive uncertainties
were obtained by subtracting the nominal VSP from the maximum VSP obtained and the
negative uncertainties were obtained by subtracting the minimum VSP from the Nominal
VSP obtained for each fuel in the VSP technique.
3.5 Mixture Preparation
The base blends and the alternative jet fuels were mixed together in molar
percentages. These mixtures were made under the laboratory fume hood to prevent the
operator and the environment from toxic gases, explosion and spillage. A measuring scale
with accuracy of ±3 mm was used to ensure accurate mixture of fuel blends as calculated.
Pipettes of 20 mL were used to measure the mass of each component into a bottle and after
measurement, the mixtures were kept in a closed bottle. Before the smoke point of these
fuel blends can be measured, the mixture of the fuel blends was thoroughly mixed together
without separation. Prior to smoke point measurement, the mixture of the fuel blends was
checked for any impurities visible in the liquid mixture.
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Table 5
Details of Mixture Composition of Hydrocarbons Whose Smoke Points Were Determined
Hydrocarbon SP being
studied

Fuel Mixtures

Mole percentage of mixtures

Cyclopentanone

Cyclopentanone

80% Cyclopentanone + 20% Toluene

+Toluene

82.5%Cyclopentanone+17.5%Toluene
85% Cyclopentanone + 15% Toluene
87.5% Cyclopentanone +12.5%
Toluene
90% Cyclopentanone + 10% Toluene
92.5%

Cyclopentanone

+

7.5%

Toluene
Cyclopentanone

Cyclopentanone +M-

80% Cyclopentanone + 20% M-

Xylene

Xylene
82.5% Cyclopentanone + 17.5% MXylene
85% Cyclopentanone + 15% MXylene
87.5% Cyclopentanone +12.5% MXylene
90% Cyclopentanone + 10% MXylene
92.5% Cyclopentanone + 7.5% MXylene

Cyclopentane

100% Cyclopentane

100% Cyclopentane

Cyclopentanol

100% Cyclopentanol

100% Cyclopentanol

Cyclohexanone

100% Cyclohexanone

100% Cyclohexanone
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Hydrocarbon SP being Fuel Mixtures

Mole percentage of mixtures

studied
Cyclohexane

Cyclohexane + M- 80% Cyclohexane + 20% M-Xylene
xylene

85% Cyclohexane + 15% M-Xylene
87 Cyclohexane +13% M-Xylene
90% Cyclohexane + 10% M-Xylene
92% Cyclohexane + 8% M-Xylene
95% Cyclohexane + 8% M-Xylene

Cyclohexane

Cyclohexane

+ 80% Cyclohexane + 20% Toluene

Toluene

85% Cyclohexane + 15% Toluene
87 Cyclohexane +13% Toluene
90% Cyclohexane + 10% Toluene
92% Cyclohexane + 8% Toluene
94% Cyclohexane + 6% Toluene
95% Cyclohexane + 8% Toluene

Methylcyclopentane

100%

100% Methylcyclopentane

Methylcyclopentane
Cyclohexanol

Cyclohexanol

+ 80% Cyclohexanol + 20% Toluene

Toluene

82.5%

Cyclohexanol

+

17.5%Toluene
85% Cyclohexanol + 15% Toluene
87.5% Cyclohexanol +12.5%
Toluene
Cyclohexanol

Cyclohexanol + M- 80% Cyclohexanol + 20% M-Xylene
Xylene

82.5% Cyclohexanol +17.5% MXylene
85% Cyclohexanol + 15% M-Xylene
87.5% Cyclohexanol +12.5% MXylene

Toluene

100% Toluene

100% Toluene
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Hydrocarbon SP being Fuel Mixtures

Mole percentage of mixtures

studied
Cycloheptane

Cycloheptane

+ 80% Cycloheptane+ 20% Toluene

Toluene

82.5%

Cycloheptane

+

17.5%

Toluene
85% Cycloheptane + 15% Toluene
87.5% Cycloheptane +12.5%
Toluene
90% Cycloheptane + 10% Toluene
92% Cycloheptane + 8% Toluene
Methylcyclohexane

100%

100% Methylcyclohexane

Methylcyclohexane
N-Heptane

N-Heptane + Toluene

80% N-Heptane + 20% Toluene
82.5% N-Heptane + 17.5% Toluene
85% N-Heptane + 15% Toluene
87.5 N-Heptane +12.5% Toluene
90% N-Heptane + 10% Toluene
92.5% N-Heptane + 7.5% Toluene
95% N-Heptane + 5% Toluene

N-Heptane

N-Heptane

+

M- 80% N-Heptane + 20% M-Xylene

Xylene

82.5% N-Heptane+17.5% M-Xylene
85% N-Heptane + 15% M-Xylene
87.5 N-Heptane +12.5% M-Xylene
90% N-Heptane + 10% M-Xylene
92.5% N-Heptane + 7.5% M-Xylene
95% N-Heptane + 5% M-Xylene
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Hydrocarbon

SP Fuel Mixtures

Mole percentage of mixtures

being studied
M-Xylene

100% M-Xylene

100% M-Xylene

Cyclooctane

Cyclooctane + Toluene

80% Cyclooctane + 20% Toluene
85% Cyclooctane + 15% Toluene
87% Cyclooctane + 13% Toluene
90 Cyclooctane +10% Toluene
93% Cyclooctane + 7% Toluene
95% Cyclooctane + 5% Toluene
97% Cyclooctane + 3% Toluene

Ethylcyclohexane

100% Ethylcyclohexane

100% Ethylcyclohexane

Iso-octane

100% Iso-octane

100% Iso-octane

N-Propyl-

100%

cyclohexane

cyclohexane

Butylbenzene

100% Butylbenzene

n-propyl- 100% n-propyl-cyclohexane

100% Butylbenzene
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Hydrocarbon

SP Fuel Mixtures

Mole percentage of mixtures

being studied
N-Dodecane

N-dodecane + M-Xylene

80% N-Dodecane + 20% M-Xylene
82.5% N- Dodecane +17.5% MXylene
85% N- Dodecane + 15% M-Xylene
87 N- Dodecane +13% M-Xylene
88.5 N- Dodecane +11.5% M-Xylene
90% N- Dodecane + 10% M-Xylene
93% N- Dodecane + 7% M-Xylene

N-Dodecane

N-dodecane + Toluene

80% N-Dodecane + 20% Toluene
82.5% N- Dodecane +17.5% Toluene
85% N- Dodecane + 15% Toluene
87 N- Dodecane +13% Toluene
88.5 N- Dodecane +11.5% Toluene
90% N- Dodecane + 10% Toluene
93% N- Dodecane + 7% Toluene

N-Tetradecane

N-Tetradecane + M-

80% N-Tetradecane + 20% M-Xylene

Xylene

82.5% N- Tetradecane +17.5% MXylene
85% N- Tetradecane + 15% MXylene
87.5N- Tetradecane +12.5% MXylene
90% N- Tetradecane + 10% MXylene
92.5% N- Tetradecane + 7% MXylene
92.5% N- Tetradecane + 7% MXylene
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Hydrocarbon

SP Fuel Mixtures

Mole percentage of mixtures

being studied
N-Tetradecane

N-Tetradecane + Toluene

80% N-Tetradecane + 20% Toluene
82.5% N- Tetradecane +17.5%
Toluene
85% N- Tetradecane + 15% Toluene
87.5N- Tetradecane +12.5% Toluene
90% N- Tetradecane + 10% Toluene
92.5% N- Tetradecane + 7% Toluene
92.5% N- Tetradecane + 7% Toluene
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Chapter 4
Comparison of Results to Other Results in the Literature
In order to demonstrate the consistency and validation of the results obtained in the
present study, experiments were carried out to determine the smoke points of some pure
compounds and mixtures whose smoke points were already determined by other
researchers and are available in the literature. Smoke point comparisons presented in this
chapter, using the same tools and techniques as for cycloalkane smoke point values
presented in Chapter 5, offer confidence that values determined for cycloalkane
compounds are trustworthy.
Most compounds whose smoke point measurements are obtained in this chapter are
also important becau7se these compounds are used as base blends used for calibration fuels
for smoke point determination according to the ASTM D1322 standard [64], or as base
blends for the virtual smoke point (VSP) method [50] and other smoke point determination
methods as seen in the literature [6, 52, 67], so measuring the smoke points of these
compounds helps a great deal in the study of suitable fuels.
As described in Section 4.1, smoke points of toluene, m-xylene and 1,3,5trimethylbenzene, iso-octane and a jet fuel surrogate were measured directly on the ASTM
D1322 standard smoke point lamp. However, the smoke points of n-heptane, n-dodecane
and n-tetradecane could not be measured directly on the standard test lamp because their
smoke points exceeded the maximum 50 mm range of the apparatus. Hence, as described
in Section 4.2, the VSP technique was employed to determine the smoke points of these
fuels.
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4.1 Direct Smoke Point Determinations
Toluene is one of the two major base blends adopted as a higher sooting component used
in making the mixture blends for VSP extrapolation in this study. It is important to measure
the smoke point of toluene in this study because it is used to prepare surrogate fuels and it
is also used as calibration fuel according to ASTM D1322 standard [64]. The smoke point
measurement of toluene in this present study was measured directly on the ASTM D1322
smoke point lamp. The smoke point was measured to be 7.5 mm, which compares
favorably to the smoke point value for toluene obtained by Gill and Olson [68], which was
determined to be 7.93 mm thirty-seven years ago. Mensch [51] measured the smoke point
of toluene to be 8.4 mm twelve years ago. The comparison is shown below in Table 6 and
Figure 19. The smoke point value presently obtained agrees to about ±1 mm with these
other studies, which is acceptable according to the ASTM D1322 standard [64]. The error
bars as seen in Figure 19 represent an uncertainty of the smoke point measurement
technique. These were calculated from the repeatability formula for the manual smoke
point lamp apparatus as stated in ASTM D1322 standard [64] which is:
r = 0.06840(x + 16)

(5)

where:
r = repeatability (mm) and
x = smoke points (mm).
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This uncertainty, as described in ASTM D1322 [64], is the difference between consecutive
smoke point results recorded by the same operator using the same apparatus under stable
operating conditions [64].

Table 6
Smoke Point Values of Toluene Obtained in the Present Study Compared to Other
Literature Studies

Studies

Smoke Point

±Uncertainty

(mm)

(mm)

Present Work (PW)

7.5

1.61

Mensch [51]

8.4

1.67

Gill & Olson [68]

7.93

1.64
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Figure 19
Comparison of Smoke Point of Toluene Obtained in This Study Compared to Other
Studies Found in the Literature

ASTM D1322 Smoke Point [mm]

25

PW - Present Study
Mensch Thesis
G & O - Gill and Olson

20
15
10
5
0
PW

Mensch

Gill & Olson

M-xylene is the other base blend component (besides toluene) adopted as a higher sooting
component used in making the mixtures for VSP extrapolation in this study. It is also
important to measure the smoke point of m-xylene in this study because it is used as base
blend in the Cho et al. study [12], whose results for n-alkanes are being compared to present
study measurements later in this chapter. Also, m-xylene is also used in jet fuel surrogates
[12, 69, 70]. The smoke point of m-xylene in this present study was measured directly on
the ASTM D1322 smoke point lamp as 7.25 mm. This compares favorably to a smoke
point value of 7.8 mm for m-xylene obtained by Mensch [51]. The favorable comparison
(within 0.55 mm) between this present study and the Mensch study [51] is shown below in
Table 7 and Figure 20 respectively. Error bars both on this present study and in Mensch
[51] study represent the uncertainties in smoke points measurement and was calculated
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using repeatability formula for manual smoke point lamp apparatus [64] as stated in
Equation 5.

Table 7
Smoke Point Value of M-Xylene Obtained in This Present Study Compared to Mensch
Study [51]
Studies

Smoke Point

±Uncertainty

(mm)

(mm)

Present Work

7.25

1.59

Mensch [51]

7.8

1.63
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Figure 20
Smoke Point of M-Xylene Obtained in This Study Compared To Mensch Study [51]

ASTM D1322 Smoke Point [mm]
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18
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8
6
4
2
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1,3,5-trimethylbenzene is an important representative of aromatic species often included
in jet fuel surrogate formulation [12, 71, 72]. The smoke point of 1,3,5-trimethylbenzene
was measured on each of four consecutive days in this present study. The average of the
measurements was recorded as the smoke point of 6.96 mm, with a minimum value of 6.83
mm and maximum value of 7.17 mm. Table 8 and Figure 21 show good agreement between
the smoke points of 1,3,5-trimethylbenzene obtained in this present study and reported in
the Mensch study [51]. Error bars both on this present study and in Mensch study [51]
represent the uncertainties in smoke point measurements, calculated using Equation 5.
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Table 8
Smoke Points Values of 1,3,5-Trimethylbenzene Obtained in This Present Study
Compared to Mensch Study [51]
Studies

Smoke Point

±Uncertainty

(mm)

(mm)

Present Work (PW)

6.96

1.57

Mensch [51]

7.0

1.57
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Figure 21
Smoke Points of 1,3,5-Trimethylbenzene Obtained in This Study Compared To Mensch
Study [51]

ASTM D1322 Smoke Point [mm]

25
20
15
10
5
0
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Mensch

Iso-octane is an important component of the ASTM reference fuel blend used in
conjunction with toluene to calibrate the ASTM D1322 smoke point apparatus [64]. The
average smoke point of iso-octane obtained in this study is 42.42 mm, which is very close
to other values measured by other studies found in the literature.
Table 9 and Figure 22 compare smoke points of iso-octane measured in this present
study and smoke points of iso-octane from literature studies. The ASTM D1322 standard
[64] defines this value to be 42.8 mm, Mensch [51] measured the smoke point of iso-octane
to be 40 mm, and Gill and Olson [68] reported 41.01 mm as the smoke point for iso-octane.
The smoke points reported by Gill and Olson [68] and Mensch [51] were extrapolated from
the Threshold Sooting Index (TSI) formula as stated in Equation (2) reported in both
studies. Mensch [51] used the experimental constants of a = 4.07and b = -4.8 while Gill
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and Olson [68] used experimental constants of a = 3.59 and b = -2.7. Error bars on this
present study, Mensch study [68], ASTM D1322 [64] and Gill and Olson [68] represent
the uncertainties in smoke point measurements using the repeatability formula for manual
smoke point lamp apparatus [64] as stated in Equation 5.

Table 9
Smoke Point of Iso-Octane Obtained in This Study Compared to Smoke Points from Other
Literature Studies
Studies

Smoke Point

±Uncertainty

(mm)

(mm)

Present Work

42.44

4.00

Mensch Study [51]

40.00

3.83

ASTM D1322 [64]

42.80

4.02

Gill and Olson [68]

41.01

3.90
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Figure 22
Smoke Point of Iso-Octane Obtained in This Study Compared to Smoke Points from Other
Literature Studies

ASTM D1322 Smoke Point [mm]

50

45
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35

30
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Mensch

ASTM D1322
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Unlike the distinct compounds whose smoke points were measured previously
discussed in this Chapter. JP-8 in the present study is a mixture that is made up of molar
composition of 54% of iso-octane, 18% of n-dodecane and 28% of 1,3,5-trimethylbenzene.
The mixture combination was defined by Mensch [51] for this surrogate to design a jet fuel
surrogates with specified properties. Some of the important properties of the real jet fuels
considered by MURI includes H/C ratio, Threshold sooting index (TSI) and cetane number
of JP-8 [51]. Iso-octane was used due to its low TSI [51].
The smoke point for the JP-8 surrogate measured in this study is 18.42 mm, which
compares favorably with Mensch’s value of 17.8 mm [51]. Table 10 and Figure 23
compare the smoke point of a JP-8 surrogate (54% in mole of iso-octane + 18% in mole
of n-dodecane + 28% in mole of 1,3,5-trimethylbenzene) obtained in this present study to
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the smoke point determined by Mensch [51] for this surrogate. Error bars both on this
present study and in Mensch study [51] represent the uncertainties in smoke point lamp
measurement calculated using the repeatability formula stated in Equation 5.

Table 10
Smoke Point Value of JP-8 with Molar Composition (54% Iso-Octane + N-Dodecane +
1,3,5-Trimethylbenzene) Obtained in the Present Study Compared to Mensch [51]
Studies

Smoke Point

±Uncertainty

(mm)

(mm)

Present Work

18.42

2.35

Mensch Study [51]

17.80

2.31
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Figure 23
Smoke Points Values of JP-8 with Molar Composition of (54% Iso-Octane + 18% NDodecane + 28% 1,3,5-Trimethylbenzene) Obtained in The Present Study Compared to
Mensch Study [51]

ASTM D1322 Smoke Point [mm]
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25
20
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4.2 Virtual Smoke Point (VSP) Determinations
Initial attempts to measure the smoke point of n-heptane using the ASTM D1322
standard smoke point lamp confirmed [12]that the smoke point could not be measured
using the apparatus, as the smoke point of n-heptane is beyond 50 mm. To solve this
problem, the virtual smoke point (VSP) method was employed to determine the smoke
point of n-heptane. Two base blends, toluene and m-xylene, were separately mixed with nheptane in the different proportions as shown in Table 5. Figure 24 shows VSP analysis of
the n-heptane/base blend mixtures. As should be expected, the VSP of a fuel is irrespective
of the base blend used to determine the fuel’s VSP - there should be no difference in the
value of the VSP as, by definition, there is no base blend left at the VSP condition.
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Figure 24
Virtual Smoke Point Analysis for Mixtures of N-Heptane in Either Toluene or M-Xylene
Base Blend
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Blend
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Present Work - m-Xylene Base
Blend
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0.1
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Mole Fraction of Base Blend

0.2
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N-heptane is useful as gasoline surrogates through its widespread use as components
of octane number reference fuels [73]. Therefore, it is worthwhile to determine the smoke
point of this fuel. As shown in Table 11, the VSP obtained in this present study for nheptane (in toluene base blend) is approximately 66.4 mm which agrees well with the VSP
of n-heptane (in m-xylene base blend) at approximately 65.3 mm.
Table 11 and Figure 25 show the (virtual) smoke points of n-heptane obtained in
this study compared with other studies found in the literature. Results obtained for the VSP
of n-heptane were compared with the studies Cho et al [12] and Pepiot [73]. These studies
reported (virtual) smoke points of n-heptane to be 113 mm and 45 mm respectively. The
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Pepiot et al. [73] study suggests that the smoke points of n-heptane was directly measured
with the ASTM D1322 standard apparatus, which is contrary to the observations of both
the present work and the Cho et al. study. As will be shown below, better agreement
between present VSP determinations and Cho et al. VSPs has been found for larger nalkanes.

Table 11
Virtual Smoke Points of N-Heptane Obtained in This Study Compared to Values from Other
Literature Studies
Studies

Smoke Point

+Uncertainty

-Uncertainty

(mm)

(mm)

(mm)

Present Work, toluene base
blend

66.37

5.55

4.75

Present Work, m-xylene base
blend

65.34

5.41

4.64

Cho et al. [12], m-xylene base
blend

113.13

-

-

Pepiot [73], m-xylene base
blend

45.00

-

-
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Figure 25
Smoke Points of N-Heptane Obtained in This Study Compared to Other Values from Other
Literature Studies

ASTM D1322 Smoke Point [mm]

140
120
100
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PW - Toluene BB PW - m-Xylene
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Cho et al - m- Pepiot et al. - mXylene BB,
Xylene BB
Present Analysis

In determining the smoke point of n-dodecane, which is frequently used in the
formulation of jet fuel surrogates [69, 70, 74], initial attempts to measure the smoke point
using the ASTM D1322 standard smoke point lamp confirmed that the smoke point could
not be measured using the apparatus as the smoke point of n-dodecane is beyond 50 mm.
The VSP method was employed to determine the smoke point of n-dodecane. Two base
blends, toluene and m-xylene, were separately mixed with n-dodecane in the different
proportions as shown in Table 5. Figure 26 shows the VSP analysis of the n-dodecane/base
blend mixtures.
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Figure 26
Virtual Smoke Point Analysis for Mixtures of N-Dodecane in Either Toluene or M-Xylene
Base Blend Compared to Measurements of Mensch [51]
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Table 12 and Figure 27 shows the (virtual) smoke point of n-dodecane obtained in
this study compared with other studies found in the literature. The results obtained for ndodecane in this study were compared with the Mensch study[51] and Cho et al. [12]
studies, which reported (virtual) smoke points of n-dodecane to be approximately 74 mm
and 63 mm. The Cho et al. [12] study agrees well with this present study while the Mensch
[51] study has a significant difference from both the present work and the Cho et al. [12]
study.
Cho et al [12] reported 9.1 as the threshold sooting index (TSI) with the
experimental constants of (a = 3.5 and b = -0.3) with an uncertainty of 6.6%. The smoke
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point obtained by Cho et al [12] was calculated using Equation (2) and was found to be
approximately 63.4 mm. Even though the data set reported for the (virtual) smoke points
of the mixture blends of n-dodecane reported by Mensch [51] generally aligns with the data
set obtained in this study, there is a large difference of 8 mm between Mensch [51] study
and the present study. It is worth noting that many of the Mensch measurements correspond
to smoke points below the 14.7 mm minimum calibration point defined by the ASTM
D1322 method. The error bars in this present work were statistically calculated using the
VSP analysis described earlier.

Table 12
Virtual Smoke Points of N-Dodecane Obtained in This Study Compared To Other
Literature Studies

(mm)

+
Uncertainty
(mm)

MUncertainty
(mm)

Present Work – toluene base blend

66.91

7.96

6.43

Present Work - m-xylene base blend

65.50

11.51

8.52

Mensch Thesis [51]- m-xylene base
blend

73.86

15.15

10.74

Cho et al. [51], m-xylene base blend

63.42

9.29

7.19

Studies

Smoke Point
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Figure 27
Virtual Smoke Points of N-Dodecane Obtained in This Study Compared to Other Literature
Studies

ASTM D1322 Smoke Point [mm]
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Similarly, initial attempts to measure the smoke point of n-tetradecane using the
ASTM D1322 standard smoke point lamp confirmed that the smoke point could not be
measured using the apparatus [12] as the smoke point of n-tetradecane is also beyond 50
mm. The VSP method was employed to determine the smoke point of tetradecane. Two
base blends, toluene and m-xylene, were separately mixed with n-tetradecane in the
different proportions shown in Table 5. Figure 28 shows VSP analysis of the ntetradecane/base blend mixtures.
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Figure 28
Virtual Smoke Point Analysis for Mixtures of N-Tetradecane in Either Toluene or MXylene Base Blend
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Table 13 and Figure 29 shows the VSP of n-tetradecane obtained in this study
compared to the VSP from the Cho et al. study [12], As shown in Table 12, the VSP
obtained in this present study for n-tetradecane (in toluene base blend) is approximately
63.2 mm which agrees well with the VSP of n-tetradecane (in m-xylene base blend) to be
approximately 62.9 mm. Cho et al. [12] reported a virtual smoke point of n-tetradecane
(with m-xylene base blend) to be approximately 61.5 mm, which agrees well with this
present study, as shown below.
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Table 13
Comparison of Smoke Point of Tetradecane Obtained in This Study Compared to Cho Et
Al.[12]
Studies

Present Work, Toluene base

Smoke Points

+ Uncertainty

M- Uncertainty

(mm)

(mm)

(mm)

63.19

3.12

2.84

62.91

5.08

4.37

61.45

9.06

7.00

blend
Present Work, m-xylene base
blend
Cho et al.[12], m-xylene base
blend
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Figure 29
Virtual Smoke Point Values of N-Tetradecane Obtained in The Present Study Compared
to Cho Et Al. [12].
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4.3 Conclusion
The smoke point measurements in this chapter generally agree well with measurements
found in similar literature studies, serving to validate that the smoke points of fuels
obtained in this study are reliable and consistent with the ASTM D1322 standard. This
chapter also shows that the limitation of measuring low-sooting fuel smoke points (higher
than 50 mm) using ASTM D1322 can be addressed using the VSP technique, which gives
repeatable results using either toluene or m-xylene as base blend. The results obtained in
this chapter using the VSP technique will be helpful in the determination of smoke points
of cycloalkanes in Chapter 5.
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Chapter 5
Smoke Point Measurements of Cycloalkanes
The smoke points heights of the cycloalkane fuels obtained in this study are
summarized in Table 14. These were either measured directly on the ASTM D1322
standard smoke point lamp or were measured using the VSP technique.

Table 14
Summary of Cycloalkane Smoke Point Measurements Obtained in This Study

No. of Carbons in

Substitutions

Ring

Alkyl Groups

None

Oxygenates

-CH3

-C2H5

-nC3H7

=O

-OH

5

41.67

34.06

---

---

88.90

22.17

6

74.19

46.43

44.28

46.00

42.78

80.21

7

51.24

---

---

---

---

---

8

56.32

---

---

---

---

---
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5.1 Unsubstituted Cycloalkanes
Unsubstituted cycloalkanes considered in this study include cyclopentane,
cyclohexane, cycloheptane, cyclooctane and cyclododecane. The smoke point of
cyclopentane was measured directly on the ASTM D1322 standard smoke point lamp.
However, the smoke points of cyclohexane, cycloheptane, and cyclooctane could not be
measured directly on the standard test lamp because initial measurements on ASTM D1322
smoke point lamp confirmed that their smoke points approached or exceeded the maximum
50 mm range of the apparatus. Hence, the VSP technique was employed to determine the
smoke points of these fuels. The smoke point of cyclododecane could not be determined
due to its waxy white solid state, which could not dissolve well in the room temperature
base blends (toluene and m-xylene) used in this present study. Hence, its smoke point was
not determined in this study.
The smoke point of cyclopentane was measured on each of eleven consecutive
weeks in this present study. The average of the measurements was recorded as the smoke
point, which is approximately 41.7 mm, with minimum and maximum values of
approximately 40.2 mm and 42.8 mm respectively. Figure 30 shows the smoke point
measurements of cyclopentane in this present study. The reason of the fluctuations in the
measurements might be due to flame flickering and eye calibration when the measurements
were taken, but these deviations are well within the repeatability limits established for
manual smoke point lamp measurements [64] as stated in Equation 5.
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Figure 30
Smoke Point Measurements of Cyclopentane Obtained in This Study
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Initial attempts to measure the smoke point of cyclohexane using the ASTM D1322
standard smoke point lamp confirmed that the smoke point could not be measured using
the apparatus, as the smoke point of cyclohexane is beyond 50 mm. To solve this problem,
the virtual smoke point (VSP) technique was employed to determine the smoke point of
cyclohexane. Two base blends, toluene and m-xylene, were separately mixed with
cyclohexane in the different proportions as shown in Table 5. Figure 31 shows the VSP
technique analysis for mixtures of cyclohexane in either toluene or m-xylene base blend.
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Figure 31
Virtual Smoke Point Analysis for Mixtures of Cyclohexane in Either Toluene or M-Xylene
Base Blend
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Table 15 and Figure 32 show the (virtual) smoke point of cyclohexane obtained in
this present study. The VSP obtained in this present study for cyclohexane in toluene base
blend is approximately 74.5 mm which agrees well with the VSP of cyclohexane in mxylene base blend at approximately 73.9 mm.
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Table 15
Virtual Smoke Point of Cyclohexane Obtained in This Present Study
Smoke
Point (mm)

+ Uncertainty

-Uncertainty

(mm)

(mm)

Present Work, toluene base
blend

74.48

13.23

9.76

Present Work, m-xylene base
blend

73.89

16.86

11.56

Studies

Figure 32
Virtual Smoke Point Values of Cyclohexane Obtained in This Present Study
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Similarly, initial attempts to measure the smoke point of cycloheptane using the
ASTM D1322 standard smoke point lamp confirmed that the smoke point of cycloheptane
exceeds 50 mm. Hence, the VSP technique was employed to determine the smoke point of
cycloheptane. Toluene was mixed with cycloheptane in the different proportions shown in
Table 5. Figure 33 shows VSP analysis of the cycloheptane/toluene mixtures. The VSP
obtained in this present study for cycloheptane (in toluene base blend) is approximately
51.2 mm. Cycloheptane is expensive compared to many of the other fuels tested; therefore,
measurements with m-xylene base blend were not attempted.

Figure 33
Virtual Smoke Point Analysis for Mixtures of Cycloheptane in Toluene Base Blend
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Table 16
Virtual Smoke Point of Cycloheptane Obtained in This Present Study
Studies

Smoke Point
(mm)

Present Work,

51.24

+ Uncertainty

-Uncertainty

(mm)

(mm)

4.89

4.11

Toluene base blend

Also, initial attempts to measure the smoke point of cyclooctane using the ASTM
D1322 standard smoke point lamp confirmed that the smoke point could not be measured
using the apparatus as the smoke point of cyclooctane is beyond 50 mm. To solve this
problem, the virtual smoke point (VSP) method was employed to determine the smoke
point of cyclooctane. Toluene was used as the base blend and mixed with cyclooctane in
the different proportions as shown in Table 5. Figure 34 shows VSP analysis of the
cyclooctane/toluene base blend. The VSP obtained in this present study for cyclooctane (in
toluene base blend) is approximately 56.3 mm. Table 17 shows the (virtual) smoke point
of cyclooctane obtained in this present study.
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Figure 34
Virtual Smoke Point Analysis for Mixtures of Cyclooctane in Toluene Base Blend
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Table 17
Virtual Smoke Point of Cyclooctane Obtained in This Present Study
Study

Present Work, Toluene
base blend

Smoke Point
(mm)

+ Uncertainty

-mUncertainty

(mm)

(mm)

56.32

6.35

5.18
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Figure 35 shows the smoke points of unsubstituted cycloalkanes obtained in this
study compared with the measured derived cetane number of unsubstituted cycloalkanes
obtained in Carpenter et al. [15] study. As can be seen in Figure 35, these smoke points
show a non-monotonic trend, in general, compares favorably with the carpenter et al. [15]
study, the measured derived cetane number (DCN) peaks at cycloheptane. Specific reasons
for this difference require further research, but the literature has already established that
cycloalkanes demonstrate unique combustion and other chemical behaviors (e.g., [75-77]).
But, what has not been as firmly established is the sooting behavior of cycloalkanes. For
ASTM D1322 smoke points, this is special to this present study.

Figure 35
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The Smoke Points of Unsubstituted Cycloalkanes

5.2 Mono-Alkyl Substituted Cycloalkanes
The smoke point measurements for mono-alkyl substituted cycloalkanes considered
in this study include those for methylcyclopentane, methylcyclohexane, ethylcyclohexane and npropyl-cyclohexane. Each was measured directly on the ASTM D1322 standard smoke point lamp.

The smoke point of methylcyclopentane was measured on each of eleven consecutive
weeks in this present study. The average smoke point of methylcyclopentane obtained in
this study is approximately 34 mm, with a minimum value of 33.17 mm and maximum
value of 35.67 mm. The ASTM D1322 smoke point obtained for methylcyclopentane
appears to be first of its kind to be determined in the literature, though others have measured
its sooting tendency using other techniques (e.g., [78, 79]). Figure 36 shows the smoke
point measurements of methylcyclopentane taken in eleven consecutive weeks.
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Figure 36
Smoke Point Measurement of Methylcyclopentane
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Methylcyclohexane is a high smoke point fuel with a low sooting tendency, as
measured on each of eight consecutive weeks in this present study. The average smoke
point of methylcyclohexane obtained in this study is approximately 46.4 mm, with a
minimum and maximum value of 44.5 mm and 49 mm respectively. Table 18 and Figure
38 compare the smoke points of methylcyclohexane measured in this present study and
smoke points of methylcyclohexane from the Mensch and Cho et al. studies [12, 51]. The
average smoke point of methylcyclohexane measured in this study is 46.43 mm which is
significantly higher than either the Cho et al. or Mensch study, which measured the smoke
point of methylcyclohexane to be 41.6 and 40.8 mm.
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The smoke point reported by Mensch [51] was extracted (using Equation 2) from
the Threshold Sooting Index (TSI) value of 5.0 as assigned in that study, rather than taken
from a directly measured ASTM D1322 smoke point. Mensch [51] used the experimental
constants of a = 4.07and b = -4.8. Error bars assigned here for the present study, the Cho
et al. study, and Mensch study represent the uncertainties in smoke point measurement and
was calculated using the repeatability formula for the manual smoke point lamp apparatus
[64] as stated in Equation 5. Uncertainties measured as reproducibility [64] are larger and
may be more relevant in this case; however, repeatability is reported here for consistency
elsewhere in the thesis.

Table 18
Smoke Point of Methylcyclohexane Obtained in This Study Compared to Mensch [51] and
Cho Et Al. [12] Studies
Study

Smoke Point

± Uncertainty

(mm)

(mm)

Present Work

46.43

4.27

Cho et al. [12]

41.60

3.94

Mensch Study [51]

40.80

3.89
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Figure 37
Smoke Point Measurement of Methylcyclohexane
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Figure 38
Smoke Point Values of Methylcyclohexane Obtained in the Present Study Compared to
Mensch [51] and Cho Et Al. [12] Studies

ASTM D1322 Smoke Point [mm]

55
50
45
40
35
30
PW

Mensch

88

Cho et al.

Ethylcyclohexane is one of the cycloalkanes considered in the modelling of fuel
components for alternative jet fuels [80]. The smoke point of ethylcyclohexane was
measured directly on the ASTM D1322 standard smoke point lamp on each of three
consecutive days in this present study. The average smoke point of ethylcyclohexane
obtained in this study is approximately 44.3 mm, with a minimum and maximum value of
43.83 mm and 44.83 mm respectively. This present study appears to be the first of its kind
to measure the smoke point of ethylcyclohexane using the ASTM D1322 standard.
Similarly, the smoke point of n-propyl-cyclohexane was also measured directly on the
ASTM D1322 standard smoke point lamp twice on two consecutive days in this present
study. The smoke point obtained for n-propyl-cyclohexane in both measurements in this
study is 46 mm. The ASTM D1322 smoke point of n-propyl-cyclohexane determined in
this study also appears to be the first of its kind in the literature.
5.3 Oxygenated Cycloalkanes
The smoke points of oxygenated cycloalkanes were determined in this present study.
The smoke points of oxygenated cycloalkanes are cyclopentanone, Cyclopentanol,
cyclohexanone and cyclohexanol. Initial attempts to measure the smoke point of
cyclopentanone using the ASTM D1322 standard smoke point lamp confirmed that the
smoke point could not be measured using the apparatus, as the smoke point of
cyclopentanone is beyond 50 mm. Therefore, the VSP technique was employed to
determine the smoke point of cyclopentanone. Two base blends, toluene and m-xylene,
were separately mixed with cyclopentanone in the different proportions as shown in Table
5. Figure 39 shows the VSP analysis of the cyclopentanone/base blend mixtures. The VSP
obtained in this present study for cyclopentanone (in toluene base blend) is approximately
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89.3 mm and strongly agrees with the VSP obtained for cyclopentanone (in m-xylene base
blend) measured to be 88.5 mm. Table 19 and Figure 40 show the (virtual) smoke point of
cyclopentanone obtained in this present study and the comparison between the smoke point
of cyclopentanone (in toluene base blend and in m-xylene base blend) respectively.

Table 19
Comparison of Smoke Points of Cyclopentanone (in Toluene Base Blend) and
Cyclopentanone (in M-Xylene Base Blend) Obtained in This Present Study
Studies

Smoke
Point

+ Uncertainty

- Uncertainty

(mm)

(mm)

(mm)
Present Work (in toluene base
blend)

88.27

17.31

12.47

Present Work (in m-xylene base
blend)

88.51

23.03

15.15
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Figure 39
Virtual Smoke Point Analysis for Mixtures of Cyclopentanone in Either Toluene or MXylene Base Blend
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Figure 40
Virtual Smoke Point Values of Cyclopentanone Obtained in This Present Study

ASTM D1322 Smoke Point [mm]

140
120
100
80
60
40
Present Work - m-Xylene BB

Present Work - Toluene BB

91

The smoke point of cyclopentanol was measured directly on the ASTM D1322
standard smoke point lamp on each of two consecutive days in this present study. The
average smoke point of cyclopentanol obtained in this study is approximately 22.2 mm,
with a minimum and maximum. The smoke point value obtained for cyclopentanol in the
present study appears to be the first of its kind to be measured using the ASTM D1322
standard.
The smoke point of cyclohexanone was measured directly on the ASTM D1322
standard smoke point lamp on each of three consecutive days in this present study. The
average smoke point of cyclohexanone obtained in this study is approximately 42.8 mm,
with a minimum and maximum smoke point value of 42.5 mm and 42.8 mm. This present
study also appears to be the first of its kind to measure the smoke point of cyclohexanone
in the literature.
The smoke point of cyclohexanol could not be initially measured on the ASTM
D1322 standard smoke point lamp. This is not because the smoke point was above the 50
mm limit of the ASTM D1322 standard lamp but because cyclohexanol exists in solid state
therefore, so it cannot be measured directly on the ASTM D1322 standard smoke point
lamp in its solid state as it needs to be melt to its liquid state. In order to get cyclohexanol
to its liquid state, it was first heated in the oven to its liquid form. After melting, the ASTM
D1322 smoke point lamp was now used to determine the smoke point of cyclohexanol,
unfortunately, the cyclohexanol freezes after a minute of burning in the standard smoke
point lamp and could not withstand the five (5) minutes burning of the experimenting fuel
as stated in the ASTM D1322 standard manual [64], hence the ASTM D1322 smoke point
lamp could not be used to determine the ASTM D1322 smoke lamp. To solve this problem,
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the VSP technique was employed so that the base blends (toluene and m-xylene) reduces
cyclohexanol freezing point and maintained cyclohexanol in its liquid for the smoke point
to be determined using the VSP technique. The base blends (toluene and m-xylene) were
separately mixed with cyclohexanol in different proportions as shown in Table 5. Figure
41 shows the VSP analysis of the cyclopentanone/base blend mixtures. The VSP obtained
in this present study for cyclohexanol (in toluene base blend) is approximately 80.7 mm
and strongly agrees with the VSP obtained for cyclohexanol (in m-xylene base blend)
measured to be 79.7 mm. Table 20 and Figure 42 show the (virtual) smoke point of
cyclohexanol obtained in this present study and the comparison between the smoke point
of cyclohexanol (in toluene base blend and in m-xylene base blend) respectively.

Table 20
Comparison of Smoke Points of Cyclohexanol (in Toluene Base Blend) and Cyclohexanol
(in M-Xylene Base Blend) Obtained in This Present Study
Study

Smoke
Point

+ Uncertainty

- Uncertainty

(mm)

(mm)

(mm)
Present Work (in toluene base blend)

80.74

44.86

21.90

Present Work (in m-xylene base

79.68

48.61

15.15

blend)
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Figure 41
Virtual Smoke Point Analysis for Mixtures of Cyclohexanol in Either Toluene or M-Xylene
Base Blend
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Figure 42
Virtual Smoke Point Values of Cyclohexanol Obtained in This Present Study
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5.4 Comparison Between Families of Cycloalkanes Considered in This Study
5.4.1 Cyclopentanes
The smoke point of cyclopentanes that were determined in this present study
includes cyclopentane, methylcyclopentane, cyclopentanone and cyclopentanol. The
smoke points obtained for cyclopentane, methylcyclopentane, cyclopentanone and
cyclopentanol are approximately 41.7 mm, 34.1 mm, 88.9 mm and 22.2 mm respectively.
Cyclopentanone has the highest smoke point among the cyclopentanes family. This
indicates that cyclopentanone has the least sooting tendency among the cyclopentanes, this
can be associated to the single oxo-substitute in its chemical structure. On the other hand,
cyclopentanol has the lowest smoke point with a smoke point of approximately 22.2 mm.
This indicates that cyclopentanol has the highest sooting tendency among the cyclopentane
family. This also can be attributed to the single hydroxy substituent in its chemical
structure. The smoke points of the cyclopentanes determined in this study are in the
increasing order of cyclopentanol < Methylyclopentane < cyclopentane < Cyclopentanone.
Figure 43 shows the smoke point of cyclopentanes determined in this present study.
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Figure 43
Smoke Points of Cyclopentanes Determined in This Present Study
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5.4.2 Cyclohexanes
The smoke point of cyclohexanes that were determined in this present study
includes cyclohexane, methylcyclohexane, ethylcyclohexane and n-propyl-cyclohexane.
The smoke point obtained for cyclohexane, Methylcyclohexane, ethylcyclohexane and npropyl-cyclohexane have a smoke point of approximately 74.2 mm, 46.4 mm, 46 mm, and
44.3 mm respectively.
Cyclohexane has the highest smoke point of 74.2 mm and n-propyl-cyclohexane has
the lowest smoke point of 44.3 mm. Even though there is no significant difference in smoke
points between methylcyclohexane, ethylcyclohexane and n-propyl-cyclohexane, there is
significant difference in the smoke points of cyclohexane when compared to the other three
cyclohexanes considered in this study. This shows that cyclohexane has the lowest TSI
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among the cyclohexanes considered in this study and this can be attributed to its zerocarbon alkyl chain. Methylcyclohexane, ethylcyclohexane and n-propyl-cyclohexane have
one, two, and three number of alkyl chain respectively with no significant difference in
their smoke points. Therefore, it is valid to state that the initial alkylation of cycloalkane
ring increases sooting tendency, further increase in n-alkyl chain length appears not to have
a significant effect on the smoke points of alkylated cycloalkanes. Figure 44 shows the
smoke points of cyclohexanes obtained in this present study.

Figure 44
Comparison of Cyclohexanes with their Respective Carbon Number in Alkyl Chain
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5.5 Conclusion
The smoke point of some substituted, mono-alkyl unsubstituted and oxygenated
cycloalkanes has been determined in this chapter. The smoke point of twelve (12) pure
hydrocarbons were determined in this chapter. The smoke point of seven hydrocarbons
were below 50 mm and were directly measured on the ASTM D1322 smoke point lamp
[64] and the remaining five (5) hydrocarbons smoke points were beyond 50 mm, the VSP
technique was employed to determine the smoke points of these fuels. From the data
obtained in this present study, for hydrocarbons whose smoke points were below 50 mm,
the uncertainties were calculated according to the repeatability formula in the ASTM
D1322 standard manual [64] while for hydrocarbons whose smoke points were beyond 50
mm, the uncertainties were determined statistically from the VSP technique. Smoke point
of methylcyclohexane whose smoke points were known in the literature was determined in
this chapter and compared with the data obtained from Cho et al. [12] and Mensch [51]
studies. The smoke points obtained in this present study agrees with the smoke point values
studies found in the literature. The smoke points of some cycloalkanes determined in this
chapter appears to be first of its kind in the literature which makes this present study unique.
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Chapter 6
Conclusions and Future Work
6.1 Conclusions
Carbon emissions in the aviation industry have increased significantly over the
decades, posing a threat to the environment (climate change) and also to human health and
wildlife. Reduction of net CO2 emissions has motivated a search for alternative and
sustainable jet fuels since, realistically, decarbonization of the aviation industry can only
be achieved by introducing alternative jet fuels.
Conventional jet fuels are products of crude oil, which is non-renewable source of
energy. This is limited in supply, and coupled with its greenhouse gas emission potential
and with the increase in global population, use of petroleum-derived fuel has suggests a
need for decarbonization in the aviation industry. Cleaner burning aviation fuels sourced
from sustainable sources are desired as they may decrease soot/particulate emissions in
addition to reducing net CO2 emissions.
Current jet fuels are complex mixtures of hydrocarbons, including aromatics, which
easily produce soot; therefore, to reduce significant soot and particulates, the fuel aromatics
content must be reduced, thereby increasing the hydrogen content [15]. Unfortunately,
removal of aromatics content in jet fuel leads to a significant reduction in the volumetric
energy density of the fuel. Cycloalkanes have the potential of replacing aromatics content
in jet fuel while maintaining high volumetric density. But, there is limited information on
the sooting tendency for cycloalkanes, especially using the ASTM D1322 standard smoke
point, which essentially meets a global standard of smoke point determination of jet fuels.
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Sufficient information on sooting tendency of fuels is required to evaluate, predict and
design alternative jet fuels.
This present study presents new information about the ASTM D1322 smoke point
of several cycloalkanes. Some of these measurements appear to be the first of their kind in
the literature. Though many of the cycloalkanes whose smoke points were considered in
this present study were directly measured using the ASTM D1322 standard smoke point
lamp, some required the virtual smoke point (VSP) technique to determine an ASTM
D1322-compatible smoke point. Initial results obtained in this present study (Chapter 4)
show that the VSP measurements are consistent with each other when using different base
blends, and generally consistent with previous literature smoke point measurements.
The results obtained in this study demonstrate that cycloalkanes generally have high
smoke point, which indicates low sooting tendency, compared to aromatic molecules with
otherwise similar structure. It is evident that some cycloalkanes considered in this study
are capable of replacing fuel aromatics content in jet fuel while preserving the volumetric
energy density.
Alkylated cycloalkanes were among the fuels considered in this study. Although
data obtained in this study is limited, the smoke point values obtained for alkylated
cycloalkanes show that initial alkylation of cycloalkane ring increases sooting tendency,
but further increase in n-alkyl chain length appears not to have a significant effect on the
smoke points of alkylated cycloalkanes. Considering the effect of ring carbon number of
cycloalkanes, a non-monotonic trend is observed for smoke point of cycloalkanes; however
this trend is different from the non-monotonic trend for derived cetane number (DCN) [15].
This observation is interesting and should be investigated further.
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Through the threshold sooting index (TSI), the smoke points of cycloalkanes
determined in this present study add information to the other parameters needed to design
a jet fuel, which include H/C ratio, molecular weight, and DCN value. The smoke point of
cycloalkanes obtained in this present study will permit jet fuel designers flexibility to
design fuels/fuel surrogates base on the sooting behavior the designer wants the fuel
surrogates to exhibit according to the methods described in several research studies [5, 17,
52, 64]. For cycloalkanes with the same molecular weight and H/C ratio, fuel designers can
select one (or create a blend) with a more optimal (D)CN value [15], and by virtue of this
present study, smoke point/TSI value. In other words, the fuel designer can swap one type
of cycloalkane with another (of same carbon number) to vary ignition behavior and sooting
tendency without affecting molecular weight and H/C ratio of the fuel. The smoke point
obtained for these cycloalkane fuels gives clearer direction to jet fuel designers who have
to select or exclude certain fuels according to sooting tendency constraints on the design
of the jet fuel surrogates.
The following table presents an illustrative demonstration of how present
measurements might be used to improve surrogate jet fuel formulations; for purposes of
demonstration, values presented here are approximate and blending rules are linear.
Information for iso-octane, n-decane, toluene and methylcyclohexane was extracted from
[81], the DCN values for n-propylcyclohexane and cyclooctane were obtained from [15],
and the TSI values for n-propylcyclohexane and cyclooctane were obtained from the smoke
points of n-propylcyclohexane and cyclooctane obtained in this study using the
experimental apparatus [a,b] TSI constants from the Mensch study [51]. The target fuel is
a real Jet-A fuel called POSF 4658, and Dooley et al. [81] proposed a surrogate “model
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fuel” (MF) made up of iso-octane, n-decane, toluene and methylcylohexane to match its
DCN value of 47.1, H/C ratio of 1.96, molecular weight of 157.5 g/mol and TSI value of
24.2 [81].
Here, performance values for this Model Fuel using Methylcyclohexane (MFMCH) with mole fractions as described in [81], gave a DCN value of 37.47 using a linearby-mole mixing rule. For present illustration, this value is the figure-of-merit for DCN.
The H/C ratio is 1.97, the molecular weight obtained was 118.51g/mol and the TSI value
obtained was 11.26. When methylcyclohexane was replaced to n-propylcyclohexane as the
cycloalkane in the model fuel (MF-PrCH), the DCN increased to 41.83, H/C ratio remained
constant at 1.97, the molecular weight improved towards the target fuel value of 157.5
g/mol, and the TSI value also improved towards the target value of 24.2. Similarly, when
methylcyclohexane was replaced by cyclooctane in the model fuel (MF-cC8), the DCN
remained essentially the same, the H/C ratio remain unchanged, the molecular weight
improved towards the target, but there was slight decrease in the TSI value. Finally, when
50% of n-propylcyclohexane and 50% of cyclooctane mixture was used as the cycloalkane
in the model fuel, there was no significant difference in the value of the DCN, the molecular
weight was improved but not as much as when n-propylcyclohexane alone was used, and
the TSI value was also improved slightly. In reality, the information obtained in this study
adds to much other information already existing in the literature to provide more flexibility
for jet fuel designers in formulating jet fuel surrogates.
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Table 21
Combustion Property Targets for Methylcyclohexane, N-Propyl-Cyclohexane and
Cyclooctane
Derived Cetane

H/C

Molecular

Threshold Sooting

Number (DCN)

Ratio

Weight

Index (TSI)

iso-Octane

17.00

2.25

114.2

6.2

n-Decane

65.00

2.20

142.3

4.5

Toluene

10.00

1.14

92.14

40

Methylcyclohexane (MCH)

23.50

2.00

98.2

5.0

42.90

2.00

126.24

7.81

23.80

2.00

112.21

3.31

47.10

1.96

157.5

24.2

37.47

1.97

118.51

11.26

MF with PrCh (22.5 mol%)

41.83

1.97

124.82

11.90

MF with cC8 (22.5 mol%)

37.53

1.97

121.66

10.88

39.68

1.97

123.24

11.39

Target Fuel

n-Propylcyclohexane
(PrCH)
Cyclooctane (cC8)

Target Fuel
(Jet-A POSF 4658)
Model Fuel (MF) with
MCH (22.5 mol%)

MF with 50% cC8 + 50%
PrCH (22.5 mol% total)
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6.2 Future Work
To have more information on the smoke points of cycloalkanes, more of these fuels
need to be tested. Two such fuels that should be tested to complement the study of
Carpenter et al. [15] include iso-propylcyclohexane and n-butylcyclohexane. Obtaining
information on these fuels will help complete the existing literature database with respect
to MW, H/C, DCN, and TSI. Smoke points of cycloheptanone and cyclooctanone, which
are liquid at testing conditions, should also be investigated as this will help complete study
of the sooting tendency and combustion behavior of ketones obtained in this present study.
The smoke points of other, related hydrocarbons should also be investigated. These
include, cycloalkenes, dialkyl-cycloalkanes, alkylcycloalkenes, etc. The smoke points of
these fuels are not investigated in this study due to time, cost and other resource constraints.
The smoke point of cyclododecane could not be determined presently due to its
waxy solid state at normal testing conditions and because it could not dissolve well in the
room temperature base blends (toluene and m-xylene) used in this present study. For these
reasons, its smoke point was not determined in this present study. To add to smoke point
information regarding unsubstituted cycloalkanes, cyclododecane could be heated within
the smoke point lamp reservoir, allowing it to melt so that it can travel through the candle
wick and withstand the five minute flame stabilization process required before measuring
the ASTM D1322 standard smoke point. Such a process should give more information as
to if the ASTM D1322 standard smoke point lamp or VSP technique is needed to determine
the smoke point of cyclododecane. Similarly, cyclohexanol exists in a solid state, and
melting could permit direct measurement of cyclohexanol. Melting was attempted in the
present work; however, the fuel was unable to withstand stable burning during the five
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minute flame stabilization required by the ASTM D1322 standard smoke point lamp. This
may have been due to heat losses as the cyclohexanol travelled through the wick and
vaporized, suggesting that a thermostatted fuel reservoir might be desirable. In the end, the
VSP technique was used to determine the smoke point of cyclohexanol.
Similar considerations should be made to determine the smoke point of other
normally solid oxygenate fuels that were not measured in this present study, such as
cycloheptanol, cycloheptanone, cyclooctanone and cyclooctanol and cyclododecanol. This
will make it possible to have well-defined information on the sooting tendency trends
among the oxygenated fuels as cyclic carbon number increases.
Considerations should be made to determine the smoke point of other cycloalkanes fuels
that were not measured in this present study to establish trends in this present study include
ethylcyclopentane, n-propylcyclopentane, methylcycloheptane, ethylcycloheptane, npropylcycloheptane, methylcyclooctane, ethylcyclooctane and n-propylcyclooctane. This
will also make it possible to have a well-established trend among the alkylated
cycloalkanes.
In this study, all smoke points were determined through the manual ASTM D1322
method. There is value in developing automated smoke point measurement assistance such
as the automated ASTM D1322 smoke point determination device [64], which helps to
eliminate eye calibration error during smoke point measurement. However, such a tool is
very costly. There are several literature studies that have incorporated some camera
imaging [6, 47, 82] to aid in sooting tendency measurement. One example is the FURTI
method carried out in the Graziano et al. study [6]. Though the present ASTM D1322
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technique differs from the FURTI technique, the imaging part incorporated in the FURTI
technique is worth consideration.
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